Recent experimental results and modeling both indicate that whereas it is possible to optimize a photoresist and process to achieve separately a desired resolution or line edge roughness or sensitivity, it will be difficult if not impossible to achieve all three simultaneously using current standard chemically amplified photoresists and processes. This tradeoff among Resolution, Line Edge Roughness (LER) and Sensitivity is termed the RLS tradeoff. Here we review the progress to date of a SEMATECH-funded program to develop an experimentally verified model of the relationship among resolution, LER and sensitivity and use it to determine approaches for "breaking" the RLS tradeoff.
Introduction
It has been well documented that current resists lack the ability to meet simultaneously the next generation lithography goals for Resolution, Line Edge/Width Roughness (LER/LWR), and Sensitivity. See for example Naulleau, et. al Gallatin 5 for modeling results,The fact that the three most critical resist characteristics are in opposition to one another raises serious questions about whether current standard chemically amplified resist platforms and processes will ultimately be capable of delivering the needed performance.
Over the past year SEMATECH funded a program to explore approaches for "breaking" the RLS tradeoff. The program consisted of three tasks. First, resolution, LER and sensitivity data were collected, using predominantly extreme ultraviolet (EUV) imaging, for a set of different resist platforms. Second, these data was used to develop and finetune a model that describes the RLS tradeoff in terms of fundamental resist parameters and imaging parameters. And, third, the model was used to explore approaches for "breaking" the RLS tradeoff.
Here we report on the progress in the second phase of the program, collecting data and using the results to finetune the model.
All EUV imaging performed in support of this project was done using the SEMATECH Berkeley microfield exposure tool (BMET). The BMET projection optic is a 0.3-numerical aperture(NA) centrally obscured system fabricated by Zeiss and by optical design is identical to the optics used in the Exitech METs. One of the most significant benefits of the BMET over the Exitech tools, however, is the lossless programmable pupil fill capability. This feature, in principle, allows the BMET to achieve k 1 factors as small as 0.25. All the imaging work done in support of this project, however, was done using conventional annular illumination with an inner σ of 0.35 and an outer σ of 0.55.
Wafer processing for this project followed the standard Berkeley procedures. Post-exposure bake (PEB) was done using a contact hot plate placed adjacent to the wafer load lock in an amine-filtered cleanroom. PEB delays are typically less then 10 seconds. Next a Brewer Science develop module was used for puddle developed and spin rinse and dry. Image acquisition was then done using a Hitachi 4800 scanning electron microscope. Typical operating conditions were 2 keV accelerating voltage, 2 µA gun current, 4-mm working distance, and upper detector. All image analysis was performed offline using the SuMMIT lithographic image analysis package. SuMMIT is used to determine the conventional metrics of LER and critical dimension (CD) as well as higher order metric such as LER power spectral density (PSD) and height-height correlation function. In particular, the PSD data, which itself can be used to yield the LER magnitude through an integration process, is passed on for development/verification of the statistical resist model developed here.
The expected aerial image from the BMET calculated using the Prolith lithography simulation package is also incorporated into the model. The Prolith model of the BMET includes the EUV full wavefront data from the Berkeley tool measured using a combination of interferometric and lithographic techniques as well as the lithographically measured flare. The model also accounts for the MET pupil obscuration as well as the illumination coherence (pupil fill) properties.
Model
The resist model described in Ref 5 was expanded to include saturation effects as well as base and photoacid generator (PAG) loading effects. A detailed discussion of the derivation and various implications of the model will be presented elsewhere. Here we simply state the relevant results.
The model predicts the following result for the 1σ LER value
where ρ Base = base loading (#molecules/volume) ρ P AG = PAG loading (#molecules/volume) α = resist absorptivity (1/µm) Q = #acids generated / # photons absorbed v = photon-acid interaction volume ρ D ( r) = deprotection density generated by a single acid during PEB r s = position on the developed resist edge ∂ s = derivative in the direction perpendicular to the developed resist edge V = exposed resist volume~exposure slit area × resist thickness
It should be noted that the above formula for σ LER is similar to that presented in Brainard, et. al.
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The dependence of σ LER on exp [−αQvE ( r)] accounts for the saturation of acid generation with dose and the term ρ Base /ρ P AG accounts for base loading as in the Szmanda, et. al.
7 base titration approach.
As discussed in Ref 5 the integrals can be approximated and yield two different scaling laws depending on which has better resolution, the resist or the image. In the low dose regime where the resist has better resolution than the image we obtain the following scaling law
As shown below this matches the experimental data rather well but misses the saturation in LER at high base loading and hence at high dose. If the exponential dependence is retained in the denominator then, assuming E size is approximately twice the clearing dose we obtain a slightly different scaling law
As shown below the exponential in the denominator accounts for the saturation of LER at high dose.
Results and Discussion
Five resist platforms were studied in this project. All five were imaged at EUV with one resist being imaged at 193nm as well. Here we discuss just those four resists that were imaged only at EUV. The results for the resist that was imaged at both EUV and 193nm will be discussed in a separate publication. The four resists discussed here are 1. "5435"=EUV2D platform at different baseloadings. This is a high Ea phenolic resist.
2. "5271"=MET2D platform at different baseloadings. This is a high Ea phenolic resist. 3. "5496" = Low Ea phenolic.
"EH" = Published resist platform.
6 This is a high Ea phenolic resist. Figure 1 shows the model fit to the LER data using Eq. (2) which does not account for saturation effects. Figure 2 shows the model fit to the LER data using Eq. (3) which does at least partially account for saturation effects at high dose. The black (gray) dots are the data at 60nm (50nm) L/S and the corresponding color curves are the model fit. The vertical scale in all cases is 3σ LER in nm and the horizontal scale is dose-to-size in mJ/cm 2 .The only fitting parameter was the value of the overall constant. For all the other variables their measured values were used. The ILS was computed from the aerial images predicted using the known aberrations, obscuration, flare and fill geometry of the Berkeley MET tool. The combination αQv = C = the Dill "C" parameter was measured using the Szmanda base titration approach. 7 The R values used were determined by fitting the analytic form of the PSD as given in Ref 5 and quoted below in Eq. (4) to the data PSD. The results of this fit are shown in the next section. The value of the constant in Figure 1 varies slightly from resist to resist but was roughly on the order of 2 for each resist. In Figure 2 the value was about 1.5. This is actually quite a good fit given the approximations that were made to reduce Eq. (1) to Eqs. (2) and (3). 
Model vs. Data LER

Model PSD vs. Data PSD
The data below show examples of the frequency content of the LER for the four resist cases measured. We use the analytic form of the PSD derived in Ref 5 which is
Here R is the deprotection "blur" radius and β = 2πf whre f is the spatial frequency in cycles/micron.
The dependence of the resist blur on baseloading is shown in Figure 3 . The vertical scale is the R value in nm determined from the fit to the PSD data and the horizontal scale is dose-to-size in mJ/cm 2 . The R values show a slight but not strong dependence on baseloading and hence on sizing dose. As baseloading is increased from a small value the R value drops slightly, by about 15 to 20% in most cases then increases again at high baseloading. The increase at high baseloading is probably because the high baseloading is starting to cause the resist to fail in other ways.
Examples of the fits of the analytic PSD to data PSD for the four different resists are shown in Figures 4 through 7. The horizontal scale in all the graphs is cycles/micron and the vertical scale is normalized.The data is the rough curve and the analytic result is the smooth curve.The lowest dose corresponds to the lowest baseloading and the highest dose corresponds to the highest baseloading. The in-between baseloadings show similarly good fits. At each baseloading there are multiple SEMs corresponding to different dose and focus values. The data PSDs shown here correspond to the average of all the separate line edge PSDs for all the SEMs in the focus exposure matrix at a single baseloading. This was done to reduce the noise. The justification for doing this is that the PSD shape should be a resist property and not an imaging property, at least to first order and therefore should not depend on the specific dose and focus values used used in Focus-Exposure-Matrix(FEM). In fact if the PSDs are fit to the separate SEMs in the FEM the results are almost identical. The flat tail in the data PSD at high frequency comes from pixel to pixel white noise in the SEM images.This was not included when perfoming the least squares fit as it obviously has nothing to do with the resist LER. The match between the analytic PSD shape and the data PSD shape is quite good. 
Lowest Dose
Highest Dose EH EH Figure 7 : PSD data (rough curve) and analytic PSD (smooth curve) with the fitted value of R stated in the lower left corner of each graph.
The developed model provides a clear analytic description of the long-observed tradeoff among Resolution, LER and Sensitivity (RLS). The model accurately predicts resist LER spatial characteristics as well as the baseloading tradeoff that has often been used in the past to improve LER and resolution, at the cost of sensitivity. The goal of this program, however, is ultimately to use the model to find ways to "circumvent" or at least mitigate this tradeoff, at least from a modeling perspective. The model has shown that this is indeed possible.
8 PAG loading can be used improve the RLS tradeoff, a fact that has also been predicted by other researchers 9 and demonstrated experimentally 10, . 11 The model has also shown that improving the resist quantum yield (number of acids generate per photon) can also improve the RLS tradeoff.
This has yet to be demonstrated experimentally. Finally the model shows that anisotropic blur could also be used to improve the RLS tradeoff. We note, however, that it is not clear how such a system could be implemented in practice.
